ABSTRACT: Four experiments were conducted to determine whether betaine (BET) could replace dietary methionine (MET) in diets for weanling pigs. Pigs in each experiment were allotted to treatments on the basis of weight in a randomized complete block design. Each treatment was replicated four (Exp. 4), five (Exp. 1 and 2), or six (Exp. 3) times with five or six pigs per replicate. In Exp. 1, pigs were fed a diet formulated to be deficient in total sulfur amino acids (TSAA) (negative control; NC) or the NC + 0.05 or 0.10% MET or BET during Phase 1 and 0.035 or 0.07% MET or BET during Phase 2. Growth performance was not affected (P > 0.10) by dietary treatments, indicating that the diets were not deficient in TSAA. In Exp. 2, graded levels of TSAA (0.74, 0.79, 0.84, 0.89, or 0.94%) were fed. Overall ADG was increased (0 vs added MET, P < 0.07) in pigs fed TSAA levels of 0.79% or greater, but gain:feed was not affected (P > 0.10) by diet. Overall ADFI was increased (linear, P < 0.08) and plasma urea N (PUN) was decreased (quadratic, P < 0.01) as the level of TSAA was increased. Most of the change in ADG, PUN, and ADFI occurred between 0.74 and 0.84% TSAA. Thus,
Introduction
The use of crystalline amino acids in diets for weanling pigs has increased as starter diets have become more complex. Particularly, the addition of spray-dried porcine plasma in these complex diets can result in the need for supplemental methionine (Kats et al., 1994) . Approved for publication by the director of the Louisiana Agric. Exp. Sta. as publ. no. 00-11-0299. the 0.74% TSAA diet was used in Exp. 3 as the NC. In Exp. 3, the diets included the following: 1) NC, 2) NC + 0.05% MET, 3) NC + 0.10% MET, 4) NC + 0.039% BET, or 5) NC + 0.078% BET. The addition of MET resulted in increased (linear, P < 0.10) ADG, ADFI, and gain:feed, but MET decreased PUN (linear, P < 0.05). Daily gain, ADFI, and TSAA intake were not different (P > 0.10) between pigs fed 0.05% MET or 0.039% BET, but gain:feed was decreased (P < 0.01) in pigs fed 0.039% BET compared with pigs fed 0.05% MET. In Exp. 4, a 2 × 2 × 2 factorial arrangement of treatments was used (MET, 0 or 0.072%; cystine, 0 or 0.059%; or BET, 0 or 0.057%). Overall ADG and gain:feed were increased (P < 0.10) in pigs fed MET. The intake of TSAA was increased (P < 0.05), and PUN was decreased (P < 0.10) in pigs fed MET or cystine. Overall ADFI was increased in pigs fed BET or MET independently but not affected when BET and MET were fed together (BET × MET, P < 0.10). The addition of BET to TSAA-deficient diets resulted in increased ADG, which was due to an increase in ADFI (TSAA intake). Thus, BET did not spare MET in this experiment.
Methionine has three basic functions: 1) utilization for protein synthesis, 2) conversion to S-adenosylmethionine, or 3) conversion to cystathionine, cysteine, or derivatives of cysteine (Finkelstein and Mudd, 1967) . With the latter two functions in mind, methionine is converted to S-adenosylmethionine, which is converted to S-adenosylhomocysteine, and then to homocysteine (Finkelstein and Mudd, 1967) . Homocysteine then has one of two fates: 1) reconversion to methionine by either the betaine or tetrahydrofolate pathway, or 2) irreversible conversion to cysteine (Finkelstein and Mudd, 1967) . Campbell et al. (1995) reported that betaine could spare methionine in finishing pigs for purposes other than protein synthesis. Emmert et al. (1998) reported that the activity of betaine-homocysteine methyltransferase, the enzyme responsible for catalyzing the conversion of homocysteine to methionine via betaine, was not substantially affected in pigs fed betaine in a methi-onine-deficient diet. However, the research assessing the ability of betaine to spare methionine in pigs is limited and inconclusive. With the increasing inclusion of crystalline methionine in diets for pigs, the value of dietary betaine in replacing a portion of the methionine requirement should be evaluated. Thus, we conducted a series of studies to develop a diet that would respond to dietary methionine addition, and to evaluate the ability of betaine to replace methionine in diets for weanling pigs.
Materials and Methods

General
The experimental methods used in these experiments were approved by the Louisiana State University Animal Care and Use Committee. A mixture of crossbred or Yorkshire purebred pigs was used in all experiments. Allotment to treatments was based on weight and ancestry, and gender was equalized across treatments. All experiments were randomized complete block designs. The same source of betaine (Betafin-BCR; Finnsugar Bioproducts Inc., Rolling Meadows, IL) was used in each study. The basal diets used in each study were formulated to meet the requirements for all amino acids except total sulfur amino acids (TSAA) based on an ideal amino acid pattern (Baker, 1994) . All other nutrients were formulated to meet or exceed NRC (1998) requirements. Pigs were housed in an environmentally controlled, modular building, with an under-floor flush system, and hard plastic slotted floors in 0.97-× 1.47-m pens, and feed and water were provided for ad libitum consumption. Experiment 1. One hundred twenty-five weanling pigs were allotted to five dietary treatments. Each treatment was replicated five times with five pigs per replicate. Average initial and final BW were 5.5 and 14.1 kg, respectively. Pigs were weaned at an average age of 20 d. Dietary treatments included a basal diet (Table  1) or the basal diet plus 0.05 or 0.10% methionine or betaine during Phase 1, and 0.035 or 0.07% methionine or betaine during Phase 2, respectively. The basal diets were formulated to lysine levels of 1.60 and 1.30%, and TSAA levels of 0.85 and 0.72% for the Phase 1 and 2 periods, respectively. Amino acid analysis indicated lysine concentrations of 1.59 and 1.27%, and TSAA concentrations of 0.83 and 0.70% in the Phase 1 and 2 basal diets, respectively. Phase 1 diets were fed from 0 to 7 d postweaning, and Phase 2 diets were fed from 7 to 28 d postweaning.
Experiment 2. One hundred twenty-five weanling pigs were allotted to five dietary treatments. Each treatment was replicated five times with five pigs per replicate. Average initial and final BW were 6.1 and 13.8 kg, respectively. Pigs were weaned at an average age of 22 d. Dietary treatments included a basal diet (Table  1 ; 0.75 and 0.70% TSAA in the Phase 1 and Phase 2 periods) or the basal diet plus 0.052, 0.104, 0.156, or 0.208% methionine during the Phase 1 period, or 0.050, 0.100, 0.150, or 0.200% methionine during the Phase 2 period. Diets were formulated to lysine levels of 1.60 and 1.50% in the Phase 1 and 2 periods, respectively. Amino acid analysis indicated lysine concentrations of 1.49 and 1.56%, and TSAA concentrations of 0.74% in the Phase 1 and 2 basal diets. Phase 1 diets were fed from 0 to 7 d postweaning, and Phase 2 diets were fed from 7 to 22 d postweaning.
Experiment 3. One hundred fifty-five weanling pigs were allotted to five dietary treatments. Each treatment was replicated six times with five or six pigs per replicate. Average initial and final BW were 4.9 and 10.9 kg, respectively. Pigs were weaned at an average age of 16 d. Dietary treatments included: 1) basal diet (Table 1) , 2) basal diet plus 0.05% methionine, 3) basal diet plus 0.10% methionine, 4) basal diet plus 0.039% betaine, or 5) basal diet plus 0.078% betaine. The additions of 0.039 and 0.078% betaine were isomolar to the additions of 0.05 and 0.10% methionine, respectively. The basal diet was identical to the basal diet used in Exp. 2. Amino acid analysis indicated lysine concentrations of 1.49 and 1.53%, and TSAA concentrations of 0.76 and 0.77% in the Phase 1 and 2 basal diets, respectively. Phase 1 diets were fed from 0 to 8 d postweaning, and Phase 2 diets were fed from 8 to 22 d postweaning.
Experiment 4. One hundred sixty-eight weanling pigs were allotted to eight dietary treatments. Each treatment was replicated four times with five or six pigs per replicate. Average initial and final BW were 5.1 and 11.7 kg, respectively. Pigs were weaned at an average age of 19 d. A 2 × 2 × 2 factorial arrangement of treatments was used with two levels each of betaine (0 or 0.0565%), methionine (0 or 0.0720%), or cystine (0 or 0.0585%). The additions of betaine, methionine, and cystine were isomolar. The basal diet (Table 1) was formulated to lysine levels of 1.60 and 1.50% and to TSAA levels of 0.75 and 0.70% for the Phase 1 and 2 diets. The basal diets were formulated to contain equal amounts of methionine and cystine. Diet formulations were based on analyzed amino acid compositions of the ingredients used in the diets. Phase 1 diets were fed from 0 to 7 d postweaning, and Phase 2 diets were fed from 7 to 21 d postweaning.
Blood Collection and Analyses
On the final day of each experiment, three pigs were randomly selected from each pen and a 2-mL blood sample was collected via the anterior vena cava (pigs had access to feed). Blood samples were pooled among pigs in a pen and collected in a 7-mL Vacutainer containing 14.0 mg of potassium oxalate and 17.5 mg of sodium flouride. Blood samples were placed on ice for 2 h and then centrifuged for 15 min at 1,500 × g at 4°C. Plasma was collected and frozen (−20°C) until subsequent analyses for urea N and albumin (albumin in Exp. 1 only) by the methods of Laborde et al. (1995) .
Amino Acid Analyses
The amino acid compositions of diets (or ingredients) were determined after acid hydrolysis. Sulfur amino acids were determined after performic acid oxidation followed by acid hydrolysis (AOAC, 1990 was determined after alkaline hydrolysis (AOAC, 1990) . Apparent ileal digestibilities, in Exp. 2 and 4, were calculated using NRC (1998) digestibility coefficients. Digestibility coefficients for spray-dried animal plasma (AP920) and blood cells (AP301G) were provided by American Protein Corporation (Ames, IA), and the digestibility coefficient of N was used for cystine in each of these products.
Statistical Analysis
In each experiment, data were analyzed as a randomized complete block design using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). In Exp. 1, the LSD procedure of SAS was used to determine differences among treatment means. In Exp. 2, contrasts were used to determine linear and quadratic effects of TSAA levels and to compare the negative control diet with all diets having methionine additions (0 vs added methionine). An estimate of the TSAA requirement based on ADG and urea N data was obtained using a two-slope, broken-line regression model (Robbins, 1986) . In Exp. 3, contrasts were used to determine linear and quadratic effects of TSAA and betaine, and to compare the 0.05% methionine level with the 0.039% betaine level. The relative bioavailability value (RBV) of betaine was calculated using the three-point slope ratio assay (Littell et al., 1995) . The RBV of betaine was calculated with ADG or gain:feed as the dependent variable and the 0 and 0.05% additions of methionine and the isomolar addition of betaine (0.039%) were used as the independent variable. The isomolar level of betaine was considered equal to the 0.05% level of methionine for the three-point slope ratio assay. In Exp. 4, contrasts were used to determine main effects and interactions between betaine, methionine, and cystine. The mean separation for the negative control and single additions of betaine, methionine, and cystine was accomplished using the LSD procedure of SAS. The pen of pigs served as the experimental unit for all data.
Results
In Exp. 1, ADG, ADFI, and gain:feed were not affected (P > 0.10) by diet during the Phase 1, Phase 2, or overall periods, but plasma urea N was decreased (P < 0.10) in pigs fed 0.05% (0.035% in Phase 2) betaine (Table 2) .
In Exp. 2, ADG was increased (0 vs added methionine, P < 0.07) or tended to be increased (0 vs added methionine, P < 0.12) in pigs supplemented with methionine during the Phase 1, Phase 2, and overall periods (Table  3) . Feed intake was linearly increased (P < 0.08) during the Phase 2 and overall periods, but it was not affected (P > 0.10) during the Phase 1 period. Gain:feed was not affected (P > 0.10) by diet during the Phase 1, Phase 2, or overall periods. Plasma urea N was decreased (quadratic, P < 0.01) as the level of TSAA was increased. The TSAA requirement estimate obtained from a twoslope, broken-line regression model was 0.79% for plasma urea N and ADG.
In Exp. 3, ADG was linearly increased (P < 0.05) by methionine addition during the Phase 1, Phase 2, and overall periods (Table 4) . Feed and TSAA intake were increased (quadratic, P < 0.10) by methionine, with pigs fed 0.05% methionine having the highest feed and TSAA intake during Phase 1. Feed and TSAA intake were linearly increased (P < 0.10) by methionine addition during the Phase 2 and overall periods. Similarly, gain:feed was linearly increased (P < 0.05) by methionine addition during the Phase 2 and overall periods. Plasma urea N concentration was linearly decreased (P < 0.01) by methionine addition.
The addition of betaine did not affect (P > 0.10) growth performance in this experiment. Plasma urea N was increased (quadratic, P < 0.01) by betaine, with pigs fed 0.039% betaine having the highest urea N concentration. Average daily gain (Phase 1), gain:feed (Phase 1, Phase 2, and overall), and TSAA intake (Phase 1) were lower (P < 0.10) in pigs fed 0.039% betaine than in pigs fed 0.05% methionine, but ADG and TSAA intake (Phase 2 and overall) and ADFI were not different (P > 0.10) in pigs fed 0.039% betaine compared with pigs fed 0.05% methionine. Plasma urea N was greater (P < 0.01) in pigs fed 0.039% betaine than in pigs fed 0.05% methionine. Betaine had a RBV of −2.5, 95.7, and 49.9% for ADG during the Phase 1, Phase 2, and overall periods. The RBV of 95.7 and 49.9% were due to an increase in ADFI (TSAA intake), which resulted in a RBV for gain:feed of −142.2, −15.2, and −87.5% during the Phase 1, Phase 2, and overall periods.
In Exp. 4, no main effects or interactions were observed (P > 0.10) for ADG, ADFI, or TSAA intake during Phase 1 (Table 5) . Gain:feed was increased (P < 0.05) in pigs fed 0.072% methionine but decreased (P < 0.05) in pigs fed 0.059% cystine during the Phase 1 period. During the Phase 2 and overall periods, ADG (P < 0.10), gain:feed (P < 0.10) and TSAA intake (P < 0.05) were increased, but plasma urea N concentration was decreased (P < 0.01) in pigs fed 0.072% methionine. Similarly, in pigs fed 0.059% cystine, TSAA intake was increased (P < 0.05) during the Phase 2 and overall periods, but plasma urea N concentration was decreased (P < 0.10). During the Phase 2 and overall periods, gain:feed was increased in pigs fed methionine and cystine independently, but no additive effect was observed when provided together (methionine × cystine, P < 0.05). During the Phase 2 and overall periods, ADFI was increased when betaine and methionine were fed independently; however, when fed together, ADFI was not affected (betaine × methionine, P < 0.10). Also, during Phase 2, TSAA intake was increased in pigs fed betaine and methionine independently of one another, but no additive effect was observed when fed together (betaine × methionine, P < 0.10).
Within the independent additions of betaine, methionine, or cystine, the addition of methionine resulted in the greatest weight gain response. The addition of cystine resulted in a weight gain response that was intermediate between the TSAA-deficient diet and the diet with added methionine. During Phase 1, the addition of betaine resulted in weight gain equal to that of methionine; however, during the Phase 2 and overall periods, the addition of betaine resulted in weight gain Means within a row without common superscripts differ (P < 0.10). The numbers in parentheses are methionine levels fed during the Phase 2 period. c 0 vs added methionine effect (P < 0.12). 
Discussion
The purpose of Exp. 1 was to determine whether betaine could replace a portion of dietary methionine; however, the diet formulated to be deficient in methionine did not respond to methionine addition. Thus, the objective could not be tested. However, plasma urea N was decreased in pigs fed betaine, which is in agreement with Matthews et al. (1998) , who reported a trend for decreased serum urea N in finishing pigs fed betaine.
The purpose of Exp. 2 was to develop a TSAA-deficient diet that would respond to the addition of methionine. Daily gain, ADFI, and urea N were the only response criteria affected in this experiment. Daily gain was decreased in pigs fed 0.74% TSAA compared with pigs fed higher levels of TSAA. Plasma urea N was decreased, but ADFI was increased as the level of dietary TSAA was increased. Most of the decrease in plasma urea N and increase in ADFI occurred between the lowest (0.74%) and intermediate levels of TSAA (0.84%). Although gain:feed was not affected, numerical increases were evident when 0.05% methionine was added to the 0.74% TSAA diet. Thus, the 0.74% TSAA diet was used in Exp. 3 to test the ability of betaine to replace methionine.
The results of Exp. 2 also provided information on the TSAA requirement of the 5-to 10-kg pig. Two-slope broken line regression of the ADG and urea N data estimated the TSAA requirement to be 0.79% on a total basis or 0.64% TSAA on an apparent ileally digestible basis. The apparent ileal requirement of 0.64% TSAA is in close agreement with the NRC (1998) requirement of 0.63%, but our estimate is considerably higher than the estimate of 0.50% by Chung and Baker (1992b) .
The results from Exp. 2 also explain the lack of response to methionine addition in Exp. 1. The Phase 1 diet was higher in TSAA (0.83%) than our estimated TSAA requirement of 0.79% (total basis). The TSAA concentration during Phase 2 (0.70%) was lower than the estimated requirement; however, the lysine level used in Exp. 1 (1.27%) was much lower than in Exp. 2 (1.56%).
In Exp. 3, the range of TSAA were from 0.76 to 0.86% in the Phase 1 period and from 0.77 to 0.87% in the Phase 2 period. Although these levels were slightly higher than in Exp. 2, the response to methionine addition was linear for most response variables, including ADG in the Phase 1, Phase 2, and overall periods, and gain:feed in the Phase 2 and overall periods. The re-sponses observed resulting from increasing the level of dietary methionine indicate that a response surface was present for evaluating the efficacy of betaine to replace a portion of the methionine requirement.
Based on the RBV of ADG with the level of methionine supplementation as the independent variable, the results indicated that betaine could replace a portion of the methionine requirement. However, the increase in ADG due to betaine resulted from an increase in ADFI in pigs fed betaine, with a subsequent increase in the level of TSAA intake. To further demonstrate this effect, a regression of ADG as a function of TSAA intake using the 0, 0.05, and 0.10% methionine levels for each growth period was generated. The treatment means for TSAA intake of pigs fed 0.039% betaine were then used to obtain a calculated daily gain based on their level of TSAA intake. The calculated ADG (121, 357, and 272 g/d for Phase 1, Phase 2, and overall periods) were then compared with actual gains (103, 365, and 270 g/d for Phase 1, Phase 2, and overall periods). Difference between calculated and actual ADG (−18, 8, −2 g for Phase 1, Phase 2, and overall periods) should Data are the means of four replicates of five or six pigs per replicate. Average initial and final body weights were 5.1 and 11.7 kg. The basal diet contained 0.75 and 0.70% TSAA in the Phase 1 and 2 periods, respectively, and it contained a 1:1 ratio of methionine:cystine on a percentage basis.
Compares only the TSAA-deficient diet and the diets containing single additions of betaine, methionine, or cystine. Within the selected treatments in a row, means without a common superscript differ (P < 0.10). be due to betaine sparing methionine. The only positive difference due to betaine was in the Phase 2 period and this difference was marginal. Thus, based on this experiment, betaine did not spare methionine. Firman and Remus (1999) reported that the response to betaine in methionine-deficient diets of chicks was enhanced when methionine was more limiting than cystine in the diet. This could indicate that the cystine requirement must be met before homocysteine is available for remethylation to methionine via betaine. This concept was the basis for Exp. 4, which consisted of supplementing betaine, methionine, or cystine in isomolar concentrations to a TSAA-deficient diet equally limiting in methionine and cystine.
In Exp. 4, within the independent additions of betaine, methionine, or cystine, the addition of methionine resulted in the greatest weight gain response. The addition of cystine resulted in a weight gain response intermediate between the TSAA-deficient diet and the diet with added methionine, indicating that if cystine was deficient in the diet, it was only marginally deficient. The addition of betaine resulted in an increase in ADG with a reduction in gain:feed similar to the results in Exp. 3. During the Phase 1 period, this increase in weight gain was equal to that of the addition of methionine.
The basal diet in Exp. 4 contained 0.32 (Phase 1) and 0.30% (Phase 2) apparent digestible methionine and 0.29 (Phase 1) and 0.27% (Phase 2) apparent digestible cystine. These digestible amino acid levels result in methionine:cystine ratios of 52:48 (Phase 1) and 53:47 (Phase 2). Methionine addition to the basal diet resulted in a significant increase in ADG, but the addition of cystine had no significant effect. Thus, it can be assumed that no more than 48% of the TSAA requirement of 5-to 10-kg pigs can be furnished by cystine. Chung and Baker (1992a) reported that no more than 50% of the TSAA requirement can be furnished by cystine in pigs initially weighing 10 kg.
The data in Exp. 4 indicated that when pigs were fed betaine in a TSAA-deficient diet, ADFI was increased such that TSAA intake was similar to that of pigs fed the methionine-supplemented diet. When either methionine or cystine were provided in combination with betaine, ADFI was decreased, indicating that betaine may affect ADFI in relation to the level of TSAA in the diet. Campbell et al. (1995) reported that betaine could replace a portion of the methionine requirement, provided that the methionine requirement for protein synthesis was met. Emmert et al. (1998) reported that gain:feed was reduced in pigs fed betaine in diets that were marginally deficient in methionine. Furthermore, Emmert et al. (1998) indicated that weight gain was not affected; however, gain was numerically increased similarly in pigs fed added methionine or betaine. The report of Emmert et al. (1998) is consistent with the results of our research. In the research of Emmert et al. (1998) , the initial BW of pigs was 8 to 10 kg, which is similar to the initial BW of pigs used in our research and growth performance was evaluated for a similar period of time. However, Campbell et al. (1995) used pigs from 65 to 100 kg BW. Although discrepancies occur between our data and those of Campbell et al. (1995) , it is unlikely that the age of pigs used would affect the ability of betaine to replace methionine.
In poultry, the methionine-sparing effect of betaine has been more thoroughly researched. Garcia et al. (1999a) reported that betaine provided on an isomolar basis to methionine was 64 and 50% bioavailable for weight gain in female and male chicks, which is similar to the overall data in Exp. 3 of our research. Garcia et al. (1999a) also reported that betaine was 67 and 56% bioavailable for feed efficiency in female and male chicks, which is not in agreement with our results. Schutte et al. (1997) reported that betaine provided a marginal improvement in feed efficiency of chicks fed a TSAA-deficient diet, which also is in disagreement with our data. Garcia et al. (1999b) reported that betaine improved growth with respect to weight gain, but only supplemental methionine resulted in maximum gain, and feed conversion was only improved by methionine supplementation in chicks, and our data with pigs are in agreement.
Betaine-homocysteine methyltransferase is the enzyme necessary for catalyzing the conversion of homocysteine to methionine by transferring the methyl group of betaine. Emmert et al. (1998) reported that hepatic betaine-homocysteine methyltransferase activity was only slightly elevated in pigs fed betaine, and they indicated that the increase in activity was probably not of any physiological importance. The activity of betaine-homocysteine methyltransferase has been reported to increase substantially in chicks fed methionine-deficient diets and further elevated with supplementation of betaine (Emmert et al., 1996) . The difference in betaine-homocysteine methyltransferase activity in pigs vs chicks may explain an increased incidence of betaine sparing methionine in chicks. Although betaine-homocysteine methyltransferase activity was not measured in our study, a lack of substantial betainehomocysteine methyltransferase activity in pigs fed betaine in a methionine-deficient diet (Emmert et al., 1998) may explain the absence of a methionine-sparing response in our data.
Under conditions of methionine deficiency, supplemental betaine increased weight gain; however, this response was due to an increased ADFI (increased TSAA intake) resulting in a decrease in gain:feed.
Implications
The use of betaine to replace a portion of methionine in the diet of weanling pigs is not beneficial within the experimental conditions used in these experiments. The apparent digestible total sulfur amino acid requirement of the 5-to 10-kg pig was estimated to be 0.64%, and this estimate is in agreement with the National Research Council.
